Designing an Adaptive Video Game for Children with Attention Deficit Hyperactivity Disorder: Learning Proportional Reasoning through Play by Tahai, Liudmila
Designing an Adaptive Video Game for
Children with Attention Deficit Hyperactivity
Disorder: Learning Proportional Reasoning
through Play
by
Liudmila Tahai
A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Science
in
Public Health and Health Systems
Waterloo, Ontario, Canada, 2018
© Liudmila Tahai 2018
Declaration of Authorship
This thesis consists of material all of which I authored or co-authored: see Statement of Con-
tributions included in the thesis. This is a true copy of the thesis, including any required final
revisions, as accepted by my examiners.
I understand that my thesis may be made electronically available to the public.
ii
Abstract
Attention Deficit Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder marked by
symptoms of inattention and/or hyperactivity and impulsivity. Many children with ADHD suffer
from poor reasoning and decision-making that impedes their readiness for learning. Proportional
reasoning is an important skill in everyday decision making, and it is essential for children’s
academic success, which is linked to higher self-esteem, lower levels of anxiety and depression,
better family and peer relationship.
Therefore, the goal of the thesis was to design an educational video game for children with
ADHD that will teach them proportional reasoning through enjoyable play. The second goal of
the thesis was to verify whether the designed game, which uses a low-cost mobile electroen-
cephalogram (EEG)-based device to adapt the in-game difficulty based on players’ attention,
makes the learning of proportional reasoning faster through faster progression and helps players
to maintain their attention span for a longer period of time.
To answer my research questions, I developed an in-game difficulty level model for the ex-
perimental game that consists of 4 designed conditions, which are a combination of the game
trial win or loss with focused or not focused attention states. The faster progression is granted
after at least 2 wins in the first 3 trials of the same difficulty level. To evaluate the game design
and my adaptive difficulty algorithm, I performed a formal experiment. The participants (n=20),
randomly assigned to two groups (ADAPTIVE and CONTROL), were asked to play the designed
videos game while wearing a mobile EEG-based headset MindWave by Neurosky. During the
study, I collected players’ brain activity data, such as attention and meditation states, and the
users’ evaluations of the game experience and the difficulty of each level. I also conducted a
qualitative analysis of players’ in-game behavior.
The data analysis revealed a strong negative correlation between the total number of games
played and the average time spent on the task in the CONTROL group, (r(10) = −0.72, p = 0.02),
suggesting the presence of a learning effect that supports the ultimate goal to design a game that
teaches players proportional reasoning. Although in the ADAPTIVE group we did not observe
statistical difference between these parameters, the ADAPTIVE game design showed a potential
to be more efficient in teaching proportional reasoning since the players were able to finish the
game play in a shorter period of time having attention, meditation and flow states no different
from the CONTROL group. The quantitative study findings in combination with the qualitative
analysis of players’ in-game behavior pointed to the necessity of the minor level design modifica-
tions that might improve the quality of game experience. Players’ improved game satisfaction in
combination with the already successfully implemented learning component, based on the pres-
ence of learning effect in the groups, will make the learning process an enjoyable experience.
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Chapter 1
Introduction
Attention-deficit-hyperactivity disorder (ADHD) is a heritable neurodevelopmental disorder that
is commonly diagnosed in childhood. According to the Canadian Attention Deficit Hyperactiv-
ity Disorder Resource Alliance (CADDRA, 2013), ADHD affects 5-12% of school-aged chil-
dren and persists into adulthood in 30-50% of cases. While persons with ADHD have varying
cognitive profiles, all have impaired cognitive processes. In particular, children with ADHD ex-
perience significant problems with their management of executive functions, such as difficulty
staying focused and paying attention, that affects their reasoning and problem solving abilities.
Consequently, children with ADHD have greater risks of low academic achievement and poor
school performance, anxiety and depression, poor peer and family relations, and difficulties in
adult social relationships (Anastopoulos et al., 1993).
Video games have been successfully used by scientists to help individuals with ADHD learn
how to effectively manage their symptoms, develop skills, and improve their quality of life.
The popularity of video game among youth inspired researchers to go beyond merely designing
games for entertainment, but developing games that integrate motivational, cognitive, emotional
and social domains to foster real-word psychosocial benefits and to encourage practical knowl-
edge (Granic, Lobel, & Engels, 2014).
Thus, the ultimate goal of the thesis is to design an adaptive video game that will teach
children with ADHD an essential form of mathematical reasoning – proportional reasoning –
through enjoyable play. Proportional reasoning is a skill that is crucial not only for children’s
academic success but is also helpful in every day decision making. The secondary goal of my
thesis was to verify whether using low cost EEG-based device to monitor players’ attention and
meditation can be effectively used to adapt the game difficulty, so that the players maintain their
attention span for a longer period of time while learning proportional reasoning faster.
In order to evaluate the efficiency of the adaptive video game, I conducted a user study using a
low-cost brain-computer interface (BCI) – an interface that receives, analyzes, and converts brain
signals into commands – with an electroencephalogram biosensor by Neurosky. 20 participants
were randomly assigned to two groups. The ADAPTIVE group played the adaptive BCI-based
video game that read the brain activity profile of a player, such as attention and meditation states,
and used obtained data to adapt the difficulty levels to keep the player engaged in the game. The
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ADAPTIVE game design allowed participants to skip through the game trials and progress in the
game faster compared to the CONTROL group based on 4 designed conditions.
The data analysis revealed a strong negative correlation between the total number of games
played and the average time spent on the task in the CONTROL group, (r(10) = −0.72, p = 0.02),
suggesting a presence of the learning effect and supporting the ultimate goal of the thesis to
design an educational game. Although in the ADAPTIVE group we did not observe statistical
difference between these parameters, the ADAPTIVE game design confirmed our expectations,
based on the fact that players completed the gameplay in a shorter period of time, that propor-
tional reasoning may be learned more quickly through adaptive progression, maintaining players’
attention, meditation and flow statuses on the level with the CONTROL group.
To summarize, I designed an adaptive video game for children with ADHD to teach them
proportional reasoning faster through adaptive progression. I created and tested the difficulty
level methodology that incorporates 4 conditions and 3 recent trials rule, when players attention
and performance statuses are used to adapt the difficulty of the game to the players’ skills to
maintain players’ attention span for a longer period of time and to provide them with more
enjoyable experience. The study revealed a possible learning effect based on the correlation
between the total number of trials played and the average time spent on the task. The presence of
the learning effect confirms that the educational element, in the form of proportional reasoning
rules, is gradually introduced in the game play. The ADAPTIVE game design showed a potential
to be more efficient in teaching proportional reasoning concept, since we did not find a difference
between the attention and meditation statuses between the ADAPTIVE and the CONTROL groups,
but the players of the ADAPTIVE group were able to finish the game play in a shorter period of
time. The quantitative study findings in combination with the qualitative analysis of players’
in-game behavior pointed to the necessity of the minor level design modifications that might
improve the quality of game experience, which is an important component of the learning process
incorporated into play.
1.1 Outline
To describe this thesis, I start with the literature review of the ADHD and how it affects pro-
portional reasoning in Chapter 2. In this chapter I also discuss literature related to adaptive
games and play, with examples that show how games promote improved attention in educational
contexts. Chapter 3 describes the game design and its theoretical framework. Additionally, in
Chapter 3, I provide the findings from the pilot that was conducted prior to the formal study.
Chapter 4 details the rationale behind the study, study design and methods, and I explain how
the data was collected and analyzed. Chapter 5 is focused on formal study results. In particular,
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I discuss how two hypotheses were addressed during the experiment, and provide a qualitative
analysis of the payers’ in-game behavior. Chapter 6 highlights key findings and discusses the
implications of minimal design modifications on players’ game experience. Finally, I talk about
study contributions and directions for future research in Chapter 7.
1.2 Contributions
As a result of this master’s thesis research, I made the following contributions:
1. I designed a BCI-based video game for players with ADHD, in which players’ brain activ-
ity data was used to adapt the difficulty of the game to players’ attention and performance
statuses to improve learning and to make the game play more enjoyable,
2. I created and tested a novel difficulty progression measure. The difficulty progression is
calculated based on the player’s attention, and the completion results of their three previous
game trials. Our method improved functionality of used in the game proportionality rules
introduction recommendations by Christel et al. (2013) to enhance learning process in the
ADAPTIVE game.
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Chapter 2
Literature Review
Although the literature covers a wide variety of topics in the context of brain-computer interfaces
(BCIs), this review will focus on the following themes: ADHD and the successful use of drug-
free treatment options to improve its symptoms; the definition of BCIs and the use of EEG in
BCIs; adaptive video games and neurofeedback; the definition of proportional reasoning and why
this skill is important; motivation and enjoyment as cornerstones of successful learning through
play.
In the first section, I describe what attention deficit hyperactivity disorder is. In the section
two, literature on the use of EEG in BCIs, including human brain activity data collection using
mobile EEGs is reviewed. The information discussed in this section is essential for my research
in order to properly collect and analyze data. Section three examines applications of BCIs, in
particular, adaptive video games and neurofeedback video games for ADHD. This part of the
literature review examines the clinical and technological relevance of BCI products. In section
four of the review I discuss proportional reasoning, in particular, why children with ADHD expe-
rience problems gaining this mathematical skill and how lack of this knowledge can affect other
learning processes in school. The fifth section briefly examines the motivation behind playing
video games or excitement behind physiological computing. I also discuss why enjoyment is an
important part of successful learning process. And, finally, I summarize the reviewed literature
and explain motivation behind my own research in the summary section.
2.1 Attention Deficit Hyperactivity Disorder
Attention Deficit Hyperactivity Disorder is a neurodevelopmental disorder that is usually di-
agnosed in childhood with symptoms, such as inattention, impulsivity and hyperactivity, often
recurring in adulthood (Weiss & Hechtman, 1993). In every day life, children with ADHD un-
derstand what is expected of them but are often unable to follow through because they cannot sit
still, pay attention to details, or focus on certain things (e.g. fishing, puzzle making). Although
most young children act this way when they are anxious or excited, children with ADHD dis-
play symptoms over a longer period of time and in more than two settings (e.g. at home, in the
schoolroom, on the playground, in the community).
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Mayes and Calhoun (2006) report that 71% of children with ADHD have learning disabili-
ties, of which 26% experience learning disabilities in mathematics. Proportional reasoning is an
area where researchers (Siegler & Vago, 1978; Huizenga, Crone, & Jansen, 2007) have focused
their research as it is an essential part of early mathematical skills, it is an ability to think about
numbers in relative, rather than absolute terms. Combined with poor problem solving and rea-
soning abilities, impaired judgment of proportionality in children with ADHD can impact not
only academic performance but also daily life activities in adulthood (e.g. adjusting recipes or
calculating taxes). According to Kwon et al. (2000) proportional reasoning is a complex way
of thinking that is influenced by many biological (e.g. working memory capacity) and environ-
mental factors (e.g. physical experiences), however, it can be altered through training. That is,
by improving proportional reasoning skill, the quality of life of children with ADHD can be
improved in many ways.
The disorder usually affects the patients’ lives negatively, particularly in the modern technology-
driven society where a person is expected to keep pace with the advancement of knowledge and
skills. However, many people with ADHD have a good attention span for tasks they find interest-
ing. They become intrinsically motivated and start enjoying the activity. Research (Derryberry &
Tucker, 1994) indicates that motivational processes employ attentional mechanisms, which are
particularly unexploited in people with ADHD.
The usual intervention for managing symptoms of ADHD includes medications, such as stim-
ulants and anti-depressants, but they provide short-term management of symptoms and do not
bring benefits once the drug has been withdrawn (Swanson & Volkow, 2009). A number of stud-
ies (Lubar & Swartwood, 1995; Thompson & Thompson, 2005) confirmed that a non-medication
alternative, when a person with ADHD learns to self-regulate brain wave activity in order to
manage the symptoms, brings long-lasting effects (10-year follow-up). Such non-medication
interventions that employ computer technology to train the brain are called neurotherapy or neu-
rofeedback.
Scientists have conducted a number of studies (Hochberg et al., 2012) analyzing brain signals
and how they can be used in computing to enable people with motor and psychological disorders
to control their brain signals in order to effectively communicate with surrounding them environ-
ment. The raising interest in brain-computer interface (BCI) technology triggered a new wave
of research and continue to expand into various areas of everyday life activities, for example,
BCI-based video games (Krepki, Blankertz, Curio, & Mu¨ller, 2007; Pineda, Silverman, Vankov,
& Hestenes, 2003; Lalor et al., 2005).
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2.2 Proportional Reasoning: Learning How to Learn
Proportional reasoning is a popular topic in cognitive development. It has been investigated us-
ing different tasks such as, for example, balanced scales (Siegler & Vago, 1978). According to
Siegler (1978), proportional reasoning skills require learning. Thus 10-year-old children expe-
rience difficulty inventing proportionality rules, however, children as young as 7 were found to
learn these rules easily. The reason is that during the learning process children learn the relevance
or importance of components in a task and its sequence or order of components. Additionally,
children perform better when the tutoring process is not based on purely verbal instructions but
allows children to manipulate the components of the task in order to predict answers (Kwon et
al., 2000).
Students with ADHD require more time and effort to learn mathematical reasoning skills due
to impaired non-verbal reasoning, attentive behavior, working memory and executive control
(Zentall & Ferkis, 1993). Working memory plays an important role in the learning process
as it stores information required for ongoing actions – for example, manipulations in a video
game – and is related to attention and focus (Spence & Feng, 2010). Problems connected with
ineffective information storage result in poor performance. Decades of research in psychology
have demonstrated that many cognitive processes can be modified by training. Kwon (2000)
confirmed that training which enables children to test their solutions to a problem and find them
ineffective, is actually an important part of a learning process as it motivates children to look
for new strategies. Therefore, this Master’s project can be utilized in teaching and learning
proportional reasoning skills. The users in both the ADAPTIVE game and the CONTROL group
game are offered the same number of difficulty levels and tasks with different combinations of
blocks in each trial. This type of training allows users to test different combinations a number of
times until they grasp the concept of proportionality.
2.3 Brain-Computer Interfaces
The term “BCI” was coined by Professor Jacques Vidal (Vidal, 1973), who is widely considered
as the inventor of BCIs (Miranda & Brouse, 2005). The ultimate goal of all BCIs was and is
to record, analyze and translate brain wave activity. Brain wave activity can be measured us-
ing several methods, which include magnetoencephalography, functional MRI (fMRI), positron
emission tomography (PET) and functional near-infrared spectroscopy (fNIRS) (Daly & Wol-
paw, 2008). While most of them are not suitable for everyday use due to high costs and complex
technical requirements, some of them, for example, fNIRS has smaller more portable size of
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equipment, compared to fMRI or PET (Ferrari & Quaresima, 2012). However, until recently,
fNIRS biosensors have only been used in laboratories. It required participants to be connected to
the sensor via fiber optic lines which limited the analysis and participants’ mobility (Ayaz et al.,
2013). The mobile battery-operated fNIRS have recently been tested by scientists, but they are
not available on the market to the general population yet.
Initially, BCIs were created to enable people with severe motor impairment (e.g. people with
locked-in syndrome, when a cognitively intact person cannot move or communicate verbally due
to paralysis of muscles in the body) to communicate with outside environment (e.g. systems for
basic word processing, operating a wheelchair or controlling television) (Lance, Kerick, Ries,
Oie, & McDowell, 2012). While most existing assistive smart devices and technologies for
individuals with a brain injury require at least some motor movement, BCIs decode brain activity
(i.e. the goal is to understand emotions, attention state or imaginary movements), and, therefore,
do not require motor output for successful use. For example, the BrainGate neural interface
system, developed by Drs. Donoghue and Hatsopoulos at Brown University, enables people with
tetraplegia (loss of sensation and control of nearly all voluntary muscles) to reach for and grasp
objects in three-dimensional space (Donoghue, 2008).
Recently, BCIs have been used in robotic limbs (robotic prosthetics) research (Andaluz, Or-
tiz, & Sanche´z, 2015). Engineers at the John Hopkins University Applied Physics Lab have
developed a robotic arm that has 26 degrees of freedom, can curl up to 45 pounds and is con-
trolled with a person’s brain (Burck, Bigelow, & Harshbarger, 2011). This robotic arm, known
as Modular Prosthetic Limb, not only picks up brain signals but, according to Moran (2011), can
potentially enable disabled people to feel some sensation.
Another important use of BCI alongside clinical applications is mentioned by Kotchetkov
et al. (2010). Military training and operations are modified and optimized by neuroscientists
in order to enhance performance of soldiers. For example, the Pentagon’s Defense Advanced
Research Projects Agency division has developed a BCI system called Silent Talk. The goal is
to enable soldiers to communicate non-acoustically, without vocalization of thoughts or help of
body gestures.
Next step in BCI research belongs to the usage of BCI technology in games and entertainment
as it helps researchers to interpret emotional states of the player, such as motivation, flow and
enjoyment, by measuring attention and meditation states. For example, Focus Pocus by Neurosky
uses performance and EEG data to generate daily and end-of-training reports.
For the purpose of the experiment, I considered devices for personal use freely available on
the market, such as mobile EEG-based biosensors. Therefore, in this thesis, when I discuss BCIs
I actually mean EEG-based BCIs.
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Figure 2.1: Alpha Waves
Figure 2.2: Beta Waves
2.3.1 Human Brain Activity EEG Data Collection
In the present research, we are interested in two mental states measurements, which are: attention
readouts based on the beta brain wave frequency bands, and meditation readouts based on the
alpha brain wave frequency bands.
- Alpha waves are slower and larger brainwaves with the frequency range from 8 Hz to 12
Hz (Figure 2.1). The posterior basic rhythm is actually slower than 8 Hz in young children
(therefore technically in the theta range). It is seen normally in the posterior regions of the head
on both sides, higher in amplitude on the dominant side. It emerges with closing of the eyes and
with relaxation. Alpha activity has been connected to the ability to recall memories, lessened
discomfort and pain, reductions in stress and anxiety. It has also been noticed in adolescents
with bipolar disorder (Moeini, Khaleghi, & Mohammadi, 2015).
- Beta waves are small, faster brainwaves with frequency range above 13 Hz (Figure 2.2).
Beta is seen usually on both sides in symmetrical distribution and is most evident frontally. It
is associated with active, busy or anxious thinking and active concentration. Pathologically,
people who lack sufficient beta activity suffer from depression, insomnia and ADHD (Egner &
Gruzelier, 2004).
Neurosky eSense algorithms allow to calculate a wide range of brain waves in both time and
frequency domains, summarize them and divide them into two mental states such as ‘attention’
with emphasis on beta waves and ’meditation’ with emphasis on alpha waves. The meter values
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Figure 2.3: Neurosky Brainwave Visualizer
are between 1 to 100, where values between 40 to 60 are considered neutral or baseline, values
between 1 to 40 show reduced levels of attention (or meditation); values from 60 to 80 and 80 to
100 show “slightly elevated” and “elevated” levels of attention (or meditation) respectively. This
method of precalculating brain wave activities and assigning results into mental states can be
used in BCI applications that require overall attention state during task performance to translate
it into a command. For example, the difficulty level in the game can be adjusted automatically
depending on the attention state of the player. Additionally, an investigator can analyze specific
brain wave activity by documenting brain wave frequency bands that are shown on the monitor
(Figure 2.3).
The Neurosky EEG biosensors with dry electrodes have an advantage compared to EEGs
with wet electrodes, which are expensive and used only in clinical settings, as they can be used
in real living environments and consumer products, and are low-cost devices.
2.4 Adaptive Video Games
It is known that video games can be powerful tools to train the brain as they improve working
memory that is linked to attention and focus (Strobach, Frensch, & Schubert, 2012), in addition,
video games can also be used as effective research measurement tools. According to the Vanier
Institute of the Family (2013), 64% of male and 35% of female Canadians surveyed in 2013
reported that they play video games. Green and Bavelier (2003) show that video games improve
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players’ attentional capacity, and in particular visual short-term memory and reasoning capacity.
These cognitive processes play an important role in early mathematical performance in children
who employ more of their prefrontal cortex (i.e the cerebral cortex that covers the front part of
the frontal lobe) in math tasks.
In order to manage the user’s experience during play, researchers have used different tech-
niques, such as modification of the story line or adaptation of the game based on user-specific
affections (Saari, Turpeinen, Kuikkaniemi, Kosunen, & Ravaja, 2009). For example, in first per-
son shooter games the adaption is based upon the user’s performance in games by increasing or
decreasing the number of enemies. As the assumptions are based on a user’s performance they
are unable to depict the actual user state, and, consequently, may lead to misinterpretation of user
skills, emotions and immersion in the game.
The use of biosensors in video games allows estimations of in-game experience through,
for example, brain activity, respiration (Benovoy, Cooperstock, & Deitcher, 2008), heart rate
(Picard, Vyzas, & Healey, 2001), electrodermal activity (electrical characteristics of the skin)
(Nacke, Kalyn, Lough, & Mandryk, 2011). While physiological biosensors are subject to many
factors, such as caffeine or exercise, which influence the quality of the signals, brain-computer
interfaces are able to read cognitive states and even distinguish between the states (Bos et al.,
2010) with reported accuracy 89-92% (Mikołajewska et al., 2014). According to Chanel (2006),
electroencephalograms can provide more reliable data about the user’s experience when mea-
surements are interpreted in combination with data received from other physiological biosensor.
The challenge for BCIs comes from naturally occurring mixed emotions the user experiences
while playing video games when the content of the game can, on one hand, provide relaxation, on
the other hand, can become frustrating when the player cannot overcome obstacles to progress in
the game (Bos et al., 2010). Video games generate different kind of emotions, such as, boredom,
anxiety, engagement, arousal. The balance between these emotions, according to the flow theory
(Csikszentmihalyi, 1991), can be achieved when the skills of the player meet the challenge in the
game. The EEG allows researchers collect data (e.g. attention and meditation states) that reveals
emotional experiences of the user at every stage of the game and adapt the game depending
on that data. The data is considered to be more robust and reliable compared to self-reports in
questionnaires or interviews (Mandryk, Inkpen, & Calvert, 2006).
While traditionally BCI-based video games use EEG as an additional input device (Figure
2.4), adaptive games employ data received from EEG to manipulate the player’s engagement.
The difficulty of the task in such games may depend on the player’s attention level. Although
both applications of EEG have demonstrated effective control and manipulation of brain activity,
there is a number of technical issues with EEG usage in video games as an input device. The
main problem of brain-computer interfaces is that transmission latency makes it difficult to adapt
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Figure 2.4: BCI-based Video Game
them to a game environment, where reaction time is usually very low. Fast-paced games require
quick response, and an in-game latency of more than 100 milliseconds can be frustrating for
the player (Pantel & Wolf, 2002). Whereas adaptive games do not depend on the speed of data
transmission but on the characteristics of such data over a period of time to create a quick image
of the attention state of the user. When the goal of the brain-controlled video games is to teach
user how to control the game, the goal of the adaptive game is to learn how to control the player
(i.e. to control user’s state of flow) (Saari et al., 2009). For example, most recent research by
Anguera et al. (2017) showed the benefit of playing adaptive video games as a part of attention
interventions in children with sensory processing disorder and ADHD.
Another example of the successful manipulation of brain activity is called neurofeedback.
EEG biofeedback or neurofeedback was popularized in the 1960s, and since the 1970s neuro-
feedback has been employed as a non-invasive treatment for children with ADHD. The neuro-
feedback treatment protocols for people with ADHD usually target cortical regions responsible
for attention and behavioral inhibition, so that they can learn how to self-regulate brain activ-
ity effectively and avoid ADHD symptom exacerbations (Monastra et al., 2005). Rossiter and
LaVaque (1995) suggest that EEG biofeedback programs are an effective alternative to medica-
tions, especially in cases where the person experiences side effects from stimulants. Researchers
(Arns, de Ridder, Strehl, Breteler, & Coenen, 2009; Steiner, Frenette, Rene, Brennan, & Perrin,
2014) have demonstrated improvements in executive functions and non-verbal intelligence (i.e.
the ability to analyze information and solve problems using visual, non-verbal reasoning) in chil-
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Figure 2.5: NeuroSky MindWave Headset
dren with ADHD after neurofeedback sessions. Although various opinions about the long-term
effectiveness of neurofeedback for children with ADHD exist in the scientific world (Vollebregt,
van Dongen-Boomsma, Buitelaar, & Slaats-Willemse, 2013), researchers agree that neurofeed-
back is a minimal risk procedure and is attractive to children as they regard it as some kind of a
game (Gevensleben et al., 2014).
A rising interest in brain-controlled interfaces has been observed in recent years. The com-
plexity of ADHD has been a driving force for researchers and practitioners in the search for al-
ternative treatments. A number of medical, research and commercial games have been designed
to investigate the effectiveness of brain-controlled interfaces. Neurofeedback experiments with
various game consoles such as Nintendo and PlayStation, have been conducted using existing
video games (e.g. Spyro the Dragon) (Pope & Palsson, 2001). Motor imagery research applica-
tions have been used in Pacman (Krepki et al., 2007), Second Life, First-Person Shooter game
(Pineda et al., 2003), and MindBalance game (Lalor et al., 2005). Large software companies (e.g.
Microsoft), console game companies (e.g. Nintendo) and specialized companies (e.g. Neurosky)
that produce low-cost EEGs (Figure 2.5) have developed neurofeedback-modulated games (e.g.
Arena by Emotiv) that are interesting and challenging enough for a player to be motivated to play
on a frequent basis.
It is presumed, based on the literature reviewed earlier (Bos et al., 2010; Saari et al., 2009),
that the designed EEG-based ADAPTIVE game can keep the user immersed in the game as the
difficulty level adjustment is done using psychophysiological measurements of the player.
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2.5 Motivation
Video games have been a useful tool for researchers in the HCI field in investigating advantages
and disadvantages of physiological computing (i.e. the use of real-time biosignals to interface
with a computer (Fairclough, 2011)). Nacke et al. (2011) suggests that the overall experience of
playing video games is more enjoyable when there is a combination of traditional game controls
with physiological controls (e.g. a respiration sensor to measure breathing rate and volume).
This is because players feel as though they are physically a part of the game, and therefore are
more in control of the game. Additionally, players become intrinsically motivated to play such
games.
Completely focused motivation of intrinsically motivated people (i.e. Flow Theory) is an im-
portant component of enjoyable and successful gameplay (Csikszentmihalyi & LeFevre, 1989).
According to Watson et al. (2013), players are more likely to benefit from games when the game
supports autonomy (i.e. the game is fun and a player voluntarily plays over and over again),
competence (i.e. a player is challenged in the game gradually, which allows the player to acquire
the necessary skills), and relatedness (i.e. a player feels connected with other players). The idea
is to integrate motivation into the process by designing a software that is first fun to play and
then fun to learn new skills (Denis & Jouvelot, 2005). The difficulty level in the game should
adapt to the player’s skill and performance to avoid boredom or frustration. For enjoyable game
play, the difficulty level should be adjusted automatically based on the quality of task perfor-
mance (e.g. task completion time, number of attempts, etc.). For example, Hamlet system uses
statistical metrics to analyze incoming game data and estimate the player’s future state from this
data (Hunicke & Chapman, 2004). Such systems allow researchers to detect certain behaviours
that prevent players from progressing in the game and adjust the game when necessary in order
to keep the player immersed in the game. All of it suggests that there is an opportunity to help
people with ADHD to learn new skills through play by designing an adaptive video game.
2.6 Summary and Implication
Attention Deficit Hyperactivity Disorder can be successfully managed without medications, and
my research addresses the non-pharmacological symptoms management approach by designing
the video game that uses brain signals to adapt to the player’s levels of attention and meditation.
This game is also a clinically relevant product as it teaches children with ADHD new skills, such
as proportional reasoning. Children enjoy playtime since early age as it helps them to learn about
the world around them. We used this notion to inform the design of the game, and created a video
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game that is Lego-based. We expect that the popularity of Lego blocks will be one of the factors
behind motivation to play the game. Also, we expect participants to enjoy the process of playing
as the difficulty levels adapt to the players’ performance.
The customization of healthcare and education is certain and adaptive technologies, which
are tailored to a particular user, will play an important role in this process. Such technologies will
become essential for users suffering from psychological disorders, such as ADHD, when each
subject has a different cognitive profile. The examined literature supports the idea of personal-
ization of care in order to achieve significant long-term results. Rapid and continuous research
growth in the area of physiological computing in the last twenty years reveals that ever-changing
technologies are getting successfully employed by scientists not only as diagnostic tools but as
treatment tools. As the focus of the thesis is on the development and validation of an adaptive
video game for children with ADHD, all of these motivate my own research, and, I anticipate
that the designed video game will play an important role in therapeutic and learning support.
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Chapter 3
Game Design
While working on my adaptive video game design, my goal was to create a game that addresses
multidimensionality of ADHD symptoms. I wanted the game interface and game mechanics to be
familiar to players, so that they could intuitively know what to do. The educational element of the
game in the form of proportional reasoning tasks supports and develops intuitive approach to a
trial completion. The choice of Lego theme was also motivated by the fact that building with lego
blocks develops creativity and encourages children to experiment with blocks independently.
The lego-based learning also helps children to learn different concepts, such as shapes, sizes and
numbers. The choice of colors in the game was also an important consideration, since I wanted
to avoid visual overstimulation in children with ADHD, who are at risk of sensory overload.
Thus, the first thing the player is offered on the screen after they chose the game to play is a
balance scale that represents of itself a made of lego blocks bridge over river that connects two
highways. There are 5 positions on each side of the bridge with spare single Lego blocks resting
on the Lego platform near the deck of the bridge. The spare blocks on the platform are of green
color but the block changes color to yellow when the participant points with the cursor to it, and
it changes color to gray once the block is dropped on the position on the bridge (Figure 3.1).
The example combination of blocks is offered on the left side of the bridge. The participant’s
goal is to balance the bridge for the cars to cross it.
Interaction design of our experimental video game is based on concepts most children are
already familiar with: “choose a lego block” and “put the lego block on top of another block”
in order to “balance the bridge”. The player uses the spare blocks by pointing at the block with
the mouse and dragging it to a position on the right side of the bridge in order to balance it. The
weight of each block is the same.
Each trial is worth 10 points. The maximum number of points the user can get in one level is
50 points. The 100 collected points give the user a mirror that can be used once (in one trial) and
in more difficult levels where mirroring is blocked (levels 5,6 and 7). The number of collected
throughout the game mirror powers can be seen at the top of the screen right above the bridge.
The icon is clickable and the players can use collected mirror powers as soon as they reach the
level 5. The red light pointing to the position on the bridge that is blocked (only one position can
be blocked at a time) will disappear when the mirror power is used and the player can continue
15
Figure 3.1: A screenshot of the game interface design
balancing the bridge. If the player failed to balance the bridge, the right number of blocks will
fall on the right side of the bridge to show the player how the bridge could have been balanced
in that trial.
The game trial is timed out at 60 seconds. The time conveniently counts down, so that the
player does not spend time on calculating the remaining time. The timer is displayed at the top-
left corner of the screen; the difficulty and trial numbers are at the top-right corner; the MindWave
headset connection indicator (green color indicates connected, grey indicates no signal) is in the
upper right hand corner, and the Neurosky attention and meditation (i.e stress or relaxation levels)
amplifier fluctuating measurements are at the bottom-left corner of the screen.
The participant in both groups were expected to play maximum 35 trials: 5 trials per each
7 levels of difficulty. Trials within each difficulty level were assigned conditions, which are
outlined in the Table 3.1, based on the prior research in user experience design in educational
games (Christel et al., 2013).
While the players of the CONTROL group were supposed to play all 35 trials, the ADAPTIVE
game design allowed participants to skip through the game trials and progress in the game faster
compared to the CONTROL group based on their attention statuses and the trial completion sta-
tus. Thus, the completion status is either ‘win’, meaning the player balanced the bridge within
60 seconds of the play time, or the completion status is ‘loss’ when the player was unable to
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Figure 3.2: Adaptive Difficulty Level Model Diagram
balance the bridge within the given time slot. The player is supposed to win at least 2 out of
3 consecutive trials of the same level, however, in order to progress in the adaptive game the
conditions described below should be satisfied. The participants in the CONTROL group played
a video game with set number of trials regardless changes in attention measurements. The Neu-
rosky MindWave headset meter was recording attention values between 1 to 100. All participants
were required to rate the difficulty of the task played at the end of each trial. Also, the players
were asked to fill out the Flow Questionnaire about their game experience right after finishing
the game play.
The ADAPTIVE game faster progression conditions are the following (Figure 3.2):
1. Focused and winning (F/W)→ go level up or progress to the next difficulty level
If the average Neurosky meter values during time play were 60 or more and the participant
balanced the bridge within the available 60 seconds time play at least two times out of
three consequent trials, this is considered a F/W situation that is counted toward fastest
progression.
2. Focused and losing (F/L)→ the player will be shown an example ‘how to balance‘ video
and will be asked to finish playing the level.
18
If the average Neurosky meter values during time play were 60 or more but the participant
was unable to balance the bridge within the available 60 sec time play two times out of
three consequent trials, this is considered a F/L situation and is not counted toward fastest
progression. The player have to play trials 4 and 5 of the same difficulty level before
progression to the next level.
3. Not focused and winning (NF/W)→ go two levels up or skip one difficulty level
If the average Neurosky meter values during time play were less than 60 but the partic-
ipant balanced the bridge within the available 60 sec time play at least two times out of
three consequent trials, this is considered a NF/W situation that is counted toward fastest
progression.
4. Not focused and losing (NF/L)→ repeat the level
If the average Neurosky meter values during time play were less than 60 and the participant
was unable to balance the bridge within the available 60 sec time play three consequent
trials, this is considered a NF/L situation and is not counted toward fastest progression.
The player is asked to repeat the level after three trials.
The versions of the game in the ADAPTIVE (experimental game) and in the CONTROL groups
are almost identical with only difference of the minimum number of trials a player can play. Thus,
the participants in the experimental group were able to progress to the next difficulty level faster
after successfully balancing the bridge 3 consecutive times. The experiment was created using
design elements from placebo-controlled studies in order for the author to see which version of
the game is more enjoyable, and, therefore, more likely to benefit children with ADHD.
3.1 Design Evaluation Framework
In order to design a video game that addresses different dimensions of ADHD, the Research
Domain Criteria (RDoC) has been used to account for six major domains affected by the disorder
(Benyakorn, Riley, Calub, & Schweitzer, 2016). The six domains are:
1. Reward-related processing. Children with ADHD have impaired reward-related processing
in the brain and it is reflected in their motivation. In order to reinforce motivation in such
players, we incorporated reward elements called ’mirrors’ in the video game. The players
are getting mirrors (i.e. rewards) each time they manage to balance the bridge within the
time limit using different combination of blocks on the right side of the bridge.
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2. Inhibition. Children with ADHD experience problems to tune out irrelevant stimuli, such
as extensive sounds or idle animation, while continuing to be focused on the task. Thus,
there is no unexpected sound effects in our video game, and each interactive game element
is a part of the game task.
3. Sustained attention. The ultimate goal of the experiment is to keep the player focused
on the task for as long period of time as possible within the given play time. The use of
the EEG-based headset MindWave by Neurosky provides information about the player’s
attention state translated into attention meter values, which are used to adjust the difficulty
of game trials to maintain the player’s attention.
4. Timing. Individuals with ADHD have impaired time management skills. In other words,
children with ADHD experience distorted perception of time. They easily lose interest in
the activity without time frames. In our experiment, each trial has a set period of time,
60 seconds (displayed in the upper left hand corner of the game), during which the player
is expected to complete the task. Also, the player is aware that the game consists of 7
difficulty levels 5 trials each. The trial and difficulty level is displayed at the top-right
corner of the game, so the player knows what to expect from the game for the next while
without constant time monitoring.
5. Arousal. ADHD is characterized by the spectrum of symptoms. Since some children have
a combination of symptoms (e.g. a hyperactive child without attention deficit or hypoactive
child with attention deficit), in our game design we tried to account for this specificity of
the disorder by using color psychology (Gaines & Curry, 2011). Thus, there are three
prevailing colors in our game interface, such as green, blue and gray. Blue color enhances
creativity while stimulating a relaxing environment. Green is a color of relaxation, and is
a good contributor to mental stability in children with ADHD. Grey color is considered a
neutral, balanced, emotionless, moody color. Grey color can evoke different mood shift
when used in combination with other colors.
6. Emotional lability. Emotional lability in children with ADHD affects reasoning and deci-
sion making processes. The choice of the type of the game – proportional reasoning game
– was not only motivated by the fact that such games teach important reasoning concepts
used in a wide range of topics in school (e.g. algebra, geometry) and in everyday day life
(e.g. mix cooking ingredients, money exchange), but also by the fact that they stimulate
intuitive cognition (Ben-Chaim, Keret, & Ilany, 2012) that is important in decision making.
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3.2 Pilot Study
The purpose of this pilot was to verify functionality of our sum-of-blocks difficulty level model
and to identify potential problems before formal study was conducted.
3.2.1 Method
This pilot study was conducted to investigate if there is a correlation between the time spent
on the task, the average readout of attention state, the sum of blocks used in the task. The
participants played the first version of the game without structured difficulty levels but with
random number of blocks on the left scale in each trial. The goal was to test the game and the
device prior to the formal study. The results have been analyzed using t-tests. All the statistical
analyses were conducted using Microsoft Excel and SPSS.
3.2.2 Results
There were 7 participants aged 19 to 22 years (M=20.57, SD=1.13). The pilot results showed a
moderate correlation between the sum of blocks and the attention readout for positive (success-
ful) trials, (r35 = 0.49, p < 0.002); and, for negative trials, (r15 = 0.5, p < 0.04). There was
also a moderate correlation between the completion time and the attention readout for negative
(unsuccessful) trials, (r15 = 0.52, p < 0.03).
The results of the pilot also confirmed my assumption that defined trial difficulty levels to-
gether with a subjective evaluation questioner after each trial, which were not implemented at
the time of the pilot study, will not only provide additional information about the task but assist
in results interpretation. For example, if the difficulty of the task depends on the sum of blocks
on the left (i.e. the bigger the sum the more difficult the trial is) then the increased attention state
can be explained by the increased difficulty level in the game.
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Chapter 4
Study Design and Methods
The Lego balanced bridge BCI-based video game has been designed to teach children propor-
tional reasoning. The video game is inspired by the real Lego game and incorporates some key
concepts to address the development of proportional reasoning.
4.1 Participants and Recruitment Process
Our experimental single player BCI-based video game is created for adolescents aged 10 to 12
years, both female and male, who have Attention Deficit Hyperactivity Disorder. Prior to study
being advertised, the author prepared and submitted the ethics application to the Office of Re-
search Ethics Committee. Following the ethics approval, the participants hiring process began.
The experiment was advertised in the primary care physician offices, among students of the
local colleges, and in social media groups, such as Monterey County Families, Monterey Bay
Homeschool Coop, and others. The author also advertised the study during the support group
meeting in Monterey for families with children with ADHD, organized by Children and Adults
with Attention-Deficit/Hyperactivity Disorder (CHADD) Northern California organization. The
study was also advertised in the non-profit, high-tech training and collaboration space for young
people under 24 years of age called Digital Nest. Twenty participants were hired by the author
in person. The details of the experiment were explained to the participants, and they were pro-
vided with the study package, which included the information letter (Appendix A), the consent
to participate form (Appendix C), the demographic questionnaire (Appendix B), and the Flow
questionnaire. The interested in the experiment participants were informed about the date and
time of the game usability testing.
4.2 Apparatus
The game was played on a computer with a mouse used as the game controller. The physiological
data (i.e. brain activity data) was collected using a mobile electroencephalogram called Neurosky
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MindWave headset. The data from the EEG device was sent over Bluetooth to the computer and
recorded.
4.2.1 Rationale Behind the EEG Choice
I was looking for a mobile EEG that would be characterized as:
1. Accessible. The device should have unassisted access. I excluded from consideration
EEGs with wet electrodes because the placement of electrodes on a player requires assis-
tance and cannot be used independently by a child.
2. Cost-beneficial. The device is affordable for families on a budget, and the health benefits
from the device outweigh its cost.
Although there are many mobile EEG devices on the market, the Neurosky MindWave head-
set satisfies both conditions. The price of the device is $119 CAD (compared to the $400 CAD
Emotiv Insight), and it has one dry EEG electrode, so the headset can easily be put on by a player
without a help from a parent.
4.3 Objective
The main objective of the thesis is to conduct a study with human participants, in a real-life
setting, playing the designed adaptive video game to verify whether the experimental game is
faster in teaching proportional reasoning while keeping the players’ attention span for a longer
period of time compared to the non-adaptive video game. Our goal is to collect data before and
after the experiment to understand participants’ opinions on game design and hardware, and to
determine whether the adaptive game play is more enjoyable compared to the non-adaptive game
play.
4.4 Hypotheses
The following hypotheses will be tested:
1. Players of the ADAPTIVE game will maintain their attention span for a longer period of
time while progressing faster through the game levels compared to the control group,
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2. Players of the ADAPTIVE game will enjoy the game play more compared to the CONTROL
group.
4.5 Data Collection and Analysis
We were interested in collecting the following data:
1. Attention and meditation measurements over 60 seconds trial play time. This data provides
understanding about the amount of mental effort the player puts into the game play, in
particular, task completion. Based on the attention measurements we were able to adapt
the game to the player’s skills (i.e. the difficulty of the subsequent trial depended on the
recorded attention data and completion status). The meditation measurements gave us an
idea about the stress levels of the experimental game players and the control game players.
Both of these measurements also allowed us to improve the game after running the pilot
study.
2. Level completion status (i.e. success or failure in the task completion). This data in com-
bination with attention measurements allowed us to determine whether the player should
progress in the game by playing more difficult tasks or she should continue practicing tasks
of the same level.
3. Duration of task play. Research (Csikszentmihalyi, 1991) suggests that 60 seconds time
slot is an optimal duration of a task for young learners because the children’s perception of
the task completion is within their reach. Consequently, it motivates kids to play over and
over again.
4. Sum of weights on the left scale. Since the game’s difficulty levels were made of combi-
nations of sum of blocks and conditions assigned to that particular level (Table 3.1). Our
assumption based on the pilot study results was the bigger the sum of blocks the more
difficult balancing process is considered.
Each participant was asked to star rate the difficulty of the trial. The color of each star repre-
sents difficulty of a task (Figure 4.1). After the game play, the players were asked to answer the
questions in the post-game flow questionnaire to measure their enjoyment experience. Flow is
an optimal mental state of a player when the player is focused (attention readouts), not stressed
(meditation readouts) and optimally challenged (level difficulty and flow scores). The flow ques-
tionnaire consists of 6 components (Appendix D) and it is based on the previous research by
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Figure 4.1: Visual representation of the trial difficulty evaluation
IJsselsteijn et. al (IJsselsteijn, de Kort, & Poels, 2013). Each answer in the questionnaire is
assigned a score, the total component scores were computed as the average value of its items.
In our experiment, the combination of brain waves data was converted into two – attention
and meditation – measurements by Neurosky pre-built algorithms called eSense. The following
two eSense algorithms were used: the attention meter data that indicates the intensity of mental
focus or attention, and the meditation meter data that indicates the level of mental relaxation. The
attention and the meditation values range from 0 to 100. When the user is focused on the task
the meter values go up to over 60 indicating increased attention state. The increased meditation
levels indicate that user is not stressed and is effectively relaxing the mind.
Finally, we used t-test to analyze collected data to compare means of attention, meditation,
sum of blocks, task completion time and flow questionnaire scores of the ADAPTIVE game group
to the CONTROL group. We also analyzed relationships between parameters using correlation
and linear regression tests.
The players of the ADAPTIVE video game by design are expected to play less trials compared
to the CONTROL group. To account for this fact as potentially a confounding factor, we addition-
ally analyzed attention, meditation and average time per trial cutting off data on the trial number
12 for all players in both groups.
4.6 Method
The study was conducted to investigate whether the ADAPTIVE game teaches proportional rea-
soning faster than the regular video game based on time per trial over the game play and the
in-game attention readouts as measured by the Neurosky MindWave mobile EEG. We also eval-
uated whether the players enjoyed the ADAPTIVE video game more compared to the CONTROL
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group based on their in-game meditation readouts as measured by the Neurosky MindWave mo-
bile EEG, and the subjective evaluation provided by the participants in the form of Flow ques-
tionnaires.
4.7 Participants
There was a random sample of 20 participants aged 19 to 29 years (n=20, M=22.35, SD=2.43).
Six participants aged 19 to 29 years (n=6, M=23.33, SD=3.39) declared in the demographic
questionnaire that they were diagnosed with ADHD. One of the six participants with ADHD
aged 25 years is taking medications to manage symptoms. There was also a participant whose
official diagnosis is still to be confirmed by a psychiatrist. The participant has already booked
an appointment. These participants’ data was analyzed both with participants without ADHD,
and separately. Additionally, there were two participants in the sample with Autism Spectrum
Disorder (ASD). Their data was analyzed with other participants, including participants with
ADHD, and we also analyzed data excluding participants with ASD from the sample.
All of the participants are undergraduate students, the demographic questionnaire data is
summarized in the Table 4.1.
4.8 Experimental Procedure
First, I explained the procedure (Appendix B) of the study to the participants. I also made sure
participants consented to participate. Prior to the game play, each participant was asked to fill
out the demographic questionnaire (Appendix C). The participant was also reminded about the
main principals of the game, and I made sure the mobile EEG device is properly placed on the
head of the participant and is connected to the computer. Then, I opened the video game on the
computer. The first thing the player saw on the screen was the start menu with the choice of two
games, Game A and Game B. I advised the player what game to choose. The player then selected
either A or B game on the screen using the mouse as a controller.The experiment was estimated
to take thirty five minutes.
At the beginning of the experiment, the participants were briefed about the experiment, and
a short demonstration of the game was performed. The main content of the game, starting with
the choice of the ADAPTIVE or CONTROL game, was displayed on the computer screen with a
mouse connected to the computer and used as a game controller. The participants were randomly
assigned to the ADAPTIVE group or the CONTROL group. Then, a participant was seated in a
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Table 4.1: Demographic Questionnaire - Data Summary
ADAPTIVE Age Gender L/R handed Diagnosis Medication
A1 22 male R No n/a
A2 23 male R No n/a
A3 22 female R No n/a
A4 21 male R No n/a
A5 22 male R No n/a
A6 25 male R Yes Yes
A7 21 other R No/ASD n/a
A8 22 male R Yes No
A9 23 male R Yes No
A10 24 male R No n/a
CONTROL Age Gender L/R handed Diagnosis Medication
B1 22 female L Yes No
B2 21 female R No n/a
B3 22 male R No n/a
B4 21 male R No n/a
B5 19 male R No n/a
B6 29 male R Yes No
B7 19 male R Yes No
B8 26 male R No n/a
B9 19 female R No n/a
B10 24 female R No/ASD n/a
27
Figure 4.2: A study participant is playing the game
chair in front of the computer. The mobile EEG-based headset (MindWave by Neurosky) with
one electrode was placed on the participant’s head. The headset’s electrode was disinfected
with an alcohol wipe prior to be put on the participant’s head, and after each participant. The
investigator then made sure the electrode is in proper contact with the forehead skin, and the
ground-reference ear clip is properly placed on the earlobe of the participant. After the headset
is in place, the investigator made sure the device is connected to the computer and the game to
enable recording of brain activity. The participant then starts playing the game, beginning with
the practice mode and transitioning into the experiment mode(Figure 4.2).
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Chapter 5
Study Results
Generally, the study performed as expected confirming the educational aspect of the game play
based on the observed learning effect in the CONTROL group (r10 = −0.72, p < 0.02). Over-
all, the average number of games each participant played throughout the experiment, including
practices, was 29.15 (SD=10.68) with in average 15.66 seconds (SD=4.31) spent on each game
completion. Specifically, in the ADAPTIVE group, participants played 19.5 games (SD=5.04)
and spent 16.38 seconds (SD=4.29) on the task completion; and in the CONTROL group the av-
erage number of games was 38.8 (SD=2.94) with 14.94 seconds (SD=4.43) spent on the trial
completion.
The game rules also appeared to be clear. That was supported by the participants’ feedback
that the game mechanics are easy to perceive and interact with, and they intuitively knew what to
do. The slightly elevated average attention across groups (M=61.52, SD=8.33) in combination
with players’ average flow scores (M=2.38, SD=0.97) confirmed the players’ positive feedback
about the game.
In order to test hypotheses, we recorded and analyzed the data for 20 participants provided
in the Table 5.1.
Two hypotheses were tested in the thesis. Two versions of related to hypotheses data analysis
are used here. First, I examined all collected throughout the game play attention, meditation, and
sum of blocks data. Second, since the players of the ADAPTIVE game by design were expected to
play fewer trials compared to the CONTROL group, we decided to examine attention, meditation,
and average time per trial cutting off data on the trial number 12 for all players in both groups.
The choice of the cut-off trial number is based on the total minimum number of games (excluding
practice trials) played by the players.
In addition to two hypotheses, and having players with ADHD in the sample, I analyzed
their data separately from participants without the diagnosis. The reason we wanted to examine
their data separately is that people with ADHD have altered reward-related neural processing
that could result in the data differing significantly from data of participants without ADHD.
Specifically, I expected the evaluations provided by the player, such as star ratings of the trial
difficulty and the game experience scores, to be different in participants with ADHD because
their tend to process information with high emotions.
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The following statistical symbols are used throughout this chapter: M = mean, n = sample
size, p = probability value, r = correlation coefficient, SD = standard deviation, s2 = standard
error of differences, t = t-test statistic.
5.1 Qualitative Analysis
The presence of diverse group of participants in the study motivated this qualitative assessment
of the experiment, evaluations, and players themselves. The information provided here rather
speculative since no interviews or formal discussion with players were conducted. This section
of the study results is based on observations, flow score questionnaire analysis, and players’
comments interpretation.
The sample of participants consisted of 5 female players, 14 male players, and one player
categorized (by the participant) as other. Among them, 4 female players were in the CONTROL
group, one female and one other players were in the ADAPTIVE group. As our educational
game is designed for players of all genders, in the present study we did not control the sample
of participants for gender. Although some researchers (Piaw, 2014) argue there might be a
difference in attention between the genders with male participants being less able to pay attention
to learning stimuli compared to female.
In general, participants were trying to be focused solely on the game play. This observation
is supported by the fact that none of twenty participants said in the flow questionnaire that they
were “not at all” concentrated. In fact, 19 participants evaluated their in-game concentration as
“moderate”, “fairly” or “extremely”, and only one participant in the CONTROL game assessed
his concentration as “slightly”. However, the noticed presence of distractions, such as when the
student was checking time not to be late to a meeting, could interfere with players’ attention and
meditation, and consequently, influence the results.
In addition to game experience or flow evaluations players completed at the end of the game,
some of the participants provided their feedback about the game in the form of remarks. For
example, one of the participants with ADHD liked the idea that the game adapts to the player’s
attention, not the player “adapts attention” to the game (like in the brain-controlled games).
Another participant with ADHD liked that the educational part of the game was well blended,
and it did not not feel like “you were doing a homework”.
However, there were two participants, which differed from the other players in all parameters.
They had elevated, compared to players in their group, attention and meditation levels, but whose
subjective evaluations in the form of flow questionnaire scores were one of the lowest. Among
them, the player’s attention and meditation meter values in the ADAPTIVE group were 77.58
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(with average attention in the group M=62.71, SD=8.9) and 64.08 (with average meditation in
the group M=60.91, SD=3.61) respectively, the game experience score was 0.8, and the player
rated 19 trials out of 21 game trials played with one star (the first trial was rated with two stars)
or as very easy trials. However, 21 games in total played (one of the highest total number of
trials played in the ADAPTIVE group) shows that the player’s in-game progression was rather
slow since less trials were skipped. In the CONTROL group, the player’s attention and meditation
meter values were 70.29 (with average attention in the group M=60.34, SD=7.95) and 68.2 (with
average meditation in the group M=55.79, SD=8.01) respectively. This player rated all 35 game
trials as easy or with one star, and the player’s game experience score was 0.4. Although these
players are not considered to be conventional outliers (the reason we did not exclude them from
the sample), their data are still rather atypical.
5.2 Hypothesis 1
The first aim of this study was to test whether players of the ADAPTIVE game will maintain their
attention span for a longer period of time while progressing faster through the game levels com-
pared to the control group. We tested the relationship between the number of trials participants
played in total and the average time they spent on the trial completion. If the average time a
player spent on the task completion decreased over time, it would also suggest that the player
grasped the concept of proportionality. We found a strong negative correlation between the total
number of trials and the average time in the CONTROL group (r10 = −0.72, p < 0.02). The
same relationship trend, although statistically insignificant, was noticed in the ADAPTIVE group
(r10 = −0.55, p = 0.09). (Figure 5.1). Across the groups, we have not found a significant cor-
relation between the number of trials and average time, although a negative trend was observed
(r20 = −0.38, p = 0.09).
We also compared attention levels of the participants in the ADAPTIVE group (M=62.71,
SD=8.94) to the attention levels of the players in the CONTROL group (M=60.34, SD=7.95). At
the current stage of the research our evidence, (t18 = 0.62, p = 0.54, s2 = 3.79), does not give
a reason to believe that there are differences (Figure 5.2) in sustained attention between the
groups.
5.3 Hypothesis 2
The second goal was to determine whether players of the ADAPTIVE game will enjoy the game
play more compared to the CONTROL group. We analyzed the differences in meditation statuses
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Figure 5.2: Comparison of attention readouts.
A statistical difference between the ADAPTIVE and CONTROL groups was not determined,
(t18 = 0.62, p = 0.54).
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Figure 5.3: Comparison of meditation readouts.
A statistical difference between the ADAPTIVE and CONTROL groups was not determined,
(t18 = 1.84, p = 0.08).
and flow scores between the groups. We also examined the relationships between the attention,
meditation and flow scores, and between sum of blocks and flow score to determine whether
players were optimally challenged to enjoy the game.
We found no significant difference (t18 = 1.84, p = 0.08, s2 = 2.78) (Figure 5.3) in med-
itation readouts between the ADAPTIVE group (M=60.91, SD=3.61) and the CONTROL group
(M=55.79, SD=8.01) groups. Also, no significant difference (t18 = 1.12, p = 0.28, s2 = 0.43)
was revealed in flow questionnaire scores between the ADAPTIVE group (M=2.14, SD=0.89) and
the CONTROL group (M=2.62, SD=1.03).
To further test the hypothesis, we investigated correlations between objective brain activity
measurements – meditation and attention readouts – and a subjective evaluation provided by
the players at the end of the game play in the form of flow questionnaire. Since both of the
measurements are determinants of flow, we wanted to supplement the t-test results by assessing
the significance of the difference between two correlation coefficients. However, the results of
the study revealed no correlation between meditation readouts and flow scores in the ADAPTIVE
35
Figure 5.4: Comparison of flow questionnaire scores.
A statistical difference between the ADAPTIVE and CONTROL groups was not determined,
(t18 = 1.12, p = 0.28).
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group (r10 = −0.49, p = 0.15); and no correlation between meditation readouts and flow scores
in the CONTROL group (r10 = −0.3, p = 0.39). An analysis of relationships between attention
readouts and the flow scores showed no correlation in the ADAPTIVE group (r10 = −0.17, p =
0.64); and no correlation in the CONTROL group (r10 = −0.49, p = 0.15). No relationship
was also determined between the sum of blocks and the flow scores in the ADAPTIVE group
(r10 = −0.15, p = 0.68); and no correlation in the CONTROL group (r10 = 0.58, p = 0.08).
5.4 Analysis of Data Cut Off on 12 Trial
The difference in number of trials in each group is set by design for a number of reasons, such
as the ADAPTIVE game provides players with ADHD with an incentive in the form of fastest
progression and an ability to complete the game in a shorter period of time. Although the max-
imum number of trials participants can play is the same for both groups, the difference in the
minimum number of trials in the ADAPTIVE group may look like a potential confounding factor.
To account for it, I cut off attention, meditation and average time per trial data on the trial 12,
and examined the differences between these variables between the groups.
No significant difference in meditation, (t18 = 1.07, p = 0.29, s2 = 3.32), was revealed be-
tween the ADAPTIVE group (M=60.06, SD=6.03) and the CONTROL group (M=56.5, SD=8.59),
as well as no significant difference was noticed in attention readouts, (t18 = 0.42, p = 0.68, s2 =
4.85), between the ADAPTIVE group (M=64.2, SD=10.48) and the CONTROL group (M=62.16,
SD=11.19). The significant difference in average time spent on the trial completion (t18 =
2.88, p = 0.01, s2 = 1.61) was determined between the ADAPTIVE group (M=12.64, SD=4.36)
and the CONTROL group (M=8.02, SD=2.6), meaning players of the ADAPTIVE game spent
more time per trial balancing the bridge.
5.5 Analysis of Difficulty
The positive results of the pilot motivated the final game design modifications, which included
defined difficulty levels together with a subjective evaluation (star rating) after each trial. My
assumption was that if the difficulty of the task depends on the sum of blocks on the left (i.e.
the bigger the sum the more difficult the trial is) then, in the context of my two hypotheses, the
increased attention state and/or decreased meditation state can be explained by the increased
difficulty level in the game.
The analysis of difficulty in the final study revealed a number of trends between attention
levels, meditation levels, flow scores and sum of blocks. Some positive relationship between
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the sum of blocks and the flow scores, although insignificant, was noticed in the CONTROL
group (r10 = 0.58, p = 0.08); however, no correlation was observed in the ADAPTIVE group
(r10 = 0.15, p = 0.68); and across the groups, (r20 = 0.19, p = 0.42).
No correlation was observed in the CONTROL group between sum of blocks and the attention
readouts (r10 = −0.45, p = 0.19); and no relationship was noticed between sum of blocks and
meditation readouts (r10 = −0.14, p = 0.69). In the ADAPTIVE group no relationship was
observed between sum of blocks and the meditation readouts (r10 = 0.13, p = 0.72); and the
probability of the relationship between sum of blocks and attention readouts (r10 = −0.25, p =
0.49) was also not significant.
Additionally, we analyzed the relationship between the star ratings provided by the player
at the end of each trial and brain wave activity. The reason we wanted to verify the relationship
between the objective (attention and meditation readouts) and subjective evaluations (star ratings)
is to see whether our level difficulty prediction model, when the player either repeats the level
or progresses in the game faster by skipping trials based on the brain activity measurements,
is working as expected. No significant correlation between the attention readouts and the star
ratings was revealed across both groups, (r20 = −0.34, p = 0.14); in the CONTROL, (r10 =
−0.41, p = 0.24); and in the ADAPTIVE, (r10 = −0.27, p = 0.45).
Furthermore, we analyzed relationships between sum of blocks and star ratings, since our
assumption in the pilot study was that the bigger the sums of blocks the more difficult the trial
will be considered by the players. However, the findings were indeterminate across the groups,
(r20 = −0.01, p = 0.97), and within each group with (r10 = −0.02, p = 0.96) in the ADAPTIVE;
(r10 = 0.19, p = 0.6) in the CONTROL. The pilot study assumption was not confirmed at the
current stage of the experiment.
5.6 Analysis of Data of Players with ADHD
The reason we analyzed data of the participants with ADHD separately from the sample is that
people with ADHD have altered reward-related neural processing that could result in the data sig-
nificantly differ from data of participants without ADHD. Specifically, I might observe different
patterns in EEG data and in subjective evaluations. Although the sample size of the participants
with ADHD was too small to determine significant differences between the ADAPTIVE and the
CONTROL groups, my observation of these players in addition to a revealed relationships be-
tween subjective evaluations provided by the participants in the form of star ratings and flow
scores, and between the total number of games played and the average time spent on the trial
completion, are encouraging for further investigation.
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Thus, the average attention readouts in both groups were slightly elevated in the ADAPTIVE
group (M=65.85, SD=12.36), and in the CONTROL group (M=62.74, SD=4.31). The average
meditation status was also slightly elevated in the ADAPTIVE group (M=62.24, SD=3.95) sug-
gesting players were relaxed while playing the game, but the average meditation values in the
CONTROL group (M=50.82, SD=9.05) appeared to be neutral, and cannot be categorized into
one of the mental state levels described by Neurosky. I had observed participants of both groups
during the game play, and noticed a degree of impatience among players with ADHD in the
CONTROL group. Two players asked similar questions, reaching 6-7 difficulty level, about how
many more trials left. I suspect those players either did not feel the difference between the first
four levels, or they noticed that progression in the game is slow. Since the players of the ADAP-
TIVE game could progress faster skipping some of the levels, consequently, their perception of
difficulty progression might have been different, meaning their experience was more engaging.
Although the flow questionnaire scores did not differ between the ADAPTIVE (M=2.27, SD=1.4)
and the CONTROL (M=2.73, SD=0.81) groups.
Some strong correlations were observed in the group of players with ADHD between the
star ratings and flow scores, (r6 = 0.814, p < 0.05); and between the number of trials they
played in total and the average time they spent on the trial completion, (r6 = −0.84, p < 0.04).
The interesting fact about the results is that the flow scores of two participants with ADHD
(one participant in each group) who were not taking medications for diagnosis were identical
3.6. Both of them evaluated their in-game concentration as “extremely concentrated”, and their
immersion status as “extremely occupied”, although meditation level values did not support their
flow status self-assessment, (M=57.71 in the ADAPTIVE group, and M=45.46 in the CONTROL
group).
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Chapter 6
Discussion
The aim of this thesis was to design an adaptive video game to teach children with ADHD propor-
tional reasoning through play. To test the design, I conducted an empirical study that compared
the ADAPTIVE game to the CONTROL game that lacked adaptive features. In particular, I inves-
tigated whether players of the designed ADAPTIVE game learned proportional reasoning faster
than players of the CONTROL game, and whether players of the ADAPTIVE game enjoyed the
play more compared to the CONTROL group. My observations of the participants in combination
with their feedback informed ideas for design modifications. This discussion will highlight the
key findings and their implications on the design of the game.
6.1 Key Findings
We found no differences between the ADAPTIVE and CONTROL groups in attention levels, (t18 =
0.62, p = 0.54, s2 = 3.79); meditation levels, (t18 = 1.84, p = 0.08, s2 = 2.78); and flow scores,
(t18 = 1.12, p = 0.28, s2 = 0.43). However, observed correlations between other collected
variables are very encouraging for further investigation. Among them, the observed learning
effect based on the significant negative correlation between the total number of games and the
average time spent on the task completion in the CONTROL group, and a moderate trend, although
insignificant, in the ADAPTIVE group confirms that our game design model provided players with
an appropriate interactive learning environment when they were able to successfully complete
learning assignments in the form of proportional reasoning tasks. Here I report key study findings
divided into four sections, which are Adaptive Learning (H1), Game Enjoyment (H2), Analysis
of Difficulty, and Design Evaluation.
6.1.1 Adaptive Learning
We hypothesized that the players of the ADAPTIVE game will progress more quickly, as mea-
sured by the total number of trials played and the total time (seconds) spent playing, while
maintaining their attention span for a longer period of time compared to the players of the
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regular video game (H1). The analysis of time players spent on the trial completion over the
period of the game play revealed a strong negative correlation between the total number of
trials (M=38.8, SD=2.94) and the average time (M=14.94, SD=4.43) in the CONTROL group
, (r10 = −0.72, p < 0.02). The similar relationship trend between the total number of trials
played (M=19.5, SD=5.04) and the average time per trial (M=16.38, SD=4.29) was noticed in
the ADAPTIVE group, (r10 = −0.55, p = 0.09), although this correlation may need to be further
investigated since it was not statistically significant. It is possible that the probability of the rela-
tionship between the variables in the ADAPTIVE group was not significant because participants
played fewer number of trials compared to the CONTROL group, and/or since the players pro-
gressed faster in the ADAPTIVE game their adaptation period to the more difficult level was not
gradual, and consequently longer in time.
The study results reveal the participants benefited from playing the game by acquiring the
proportional reasoning technique toward the end of the game play. The CONTROL group par-
ticipants learned quickly as shown by play times. The ADAPTIVE game players may have also
developed the proportional reasoning skills as shown by the relationship trend between the vari-
ables, but to determine the significance of that correlation, if any, we would need to reassess both
game designs to make them as much similar as possible (e.g. total time playing) without losing
the adaptive concept. Since there was no difference in attention statuses between the groups and
participants of the ADAPTIVE group completed the game play faster, I believe the adaptive game
design, after the minor design modifications are implemented, will prove to be more efficient in
teaching proportional reasoning to players.
As the ultimate goal of this thesis is to design a video game that can help children with
ADHD to learn proportional reasoning through play, the presence of a learning effect when the
participants acquire knowledge by practicing the game play over and over, are very promising
and require further investigation.
6.1.2 Game Enjoyment Assessment
We hypothesized that players of the ADAPTIVE video game will enjoy the game play more than
the players of the CONTROL game (H2). However, no significant differences between the groups
were observed in meditation readouts, (t18 = 1.84, p = 0.08, s2 = 2.78); and flow questionnaire
scores, (t18 = 1.12, p = 0.28, s2 = 0.43). In this study, my sample of participants was restricted
to university students who were likely familiar with basic reasoning concepts, and consequently
less stressed. Since I did not have access to different participants (i.e. younger participants) at the
time of the study, the prior knowledge factor may need to be verified in the future by running the
experiment with middle-schoolers. Overall, I consider meditation results as positive results in the
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context of the game design suggesting there was no striking differences between the games, and
that shortening the total playtime through faster progression did not make players more anxious
in the ADAPTIVE group or too relaxed in the CONTROL group.
Although no statistically significant difference was revealed, in general, player of the ADAP-
TIVE game looked less stressed based on my observation of them playing. Whereas the partic-
ipants in the CONTROL group often asked during the game play how many more trials are left
suggesting a little irritation and a feeling to finish playing. Also, given the probability of 0.08
that there is a difference between meditation readouts, and based on what is recommended in
such cases in health research, I would conduct an ecological analysis to verify this result.
An analysis of relationships between meditation readouts and flow scores showed no correla-
tion in the ADAPTIVE group (r10 = −0.49, p = 0.15); and no correlation in the CONTROL group
(r10 = −0.3, p = 0.39). There was also no correlation determined between attention readouts
and the flow scores in the ADAPTIVE group (r10 = −0.17, p = 0.64); and no correlation in the
CONTROL group (r10 = −0.49, p = 0.15). The fact we did not observe the relationships between
attention, meditation and flow scores in the experiment might be related to the multidimension-
ality of subjective game experiences that were partially assessed by the questionnaire consisting
only related to the hypothesis flow component. In the future experiments, the extended version of
the game experience questionnaire might provide more insights into participants’ in-game flow
state.
6.1.3 Analysis of Difficulty
With respect to analysis of difficulty that was motivated by the positive results of the pilot, we
determined a strong positive correlation between the star ratings and the flow scores in players
with ADHD when their data is analyzed together (i.e. as one group of players with ADHD)
despite being in the ADAPTIVE or CONTROL groups, (r6 = 0.814, p < 0.05). The correlation
between two subjective evaluations in the players with the diagnosis – the star ratings and flow
scores – can be explained by the fact that people with ADHD tend to process information with
high emotions. In other words, the perception of the difficulty of the trials is influenced by the
overall game experience including the interface design acceptance and clarity of game mechan-
ics, and not by the actual difficulty in the form of increasing sums of blocks on the left side of
the bridge.
We also analyzed correlations between the sum of blocks and attention, the sum of blocks
and meditation, the sum of blocks and the flow scores. No relationships were observed between
attention, meditation, sum of blocks and flow scores.
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Table 6.1: Proposed Level Design Modifications
Level Current Difficulty (sum of blocks) Recommended Difficulty (sum of blocks)
1, 2, 3 2-12 7-15
4 13-24 23-31
5 25-36 39-47
6 37-48 55-62
7 49-60 70-77
6.1.4 Design Evaluation
In general, the presence of learning effect in the CONTROL group based on the strong correlation
between the total number of games played and the average time spent on balancing the bridge
confirmed that the game worked as designed. However, the analysis of the in-game difficulty
pointed to a number of game design modifications that might positively influence the results by
improving confidence levels. For example, I would modify difficulty levels by increasing the
spread between the levels by the number of possible sums of blocks within the previous level
(e.g. level 1,2,3 - sums of 7 to sums of 15; level 4 - sums of 23 to sums of 31; level 5 - sums of
39 to sums of 47, etc.). As can be seen in the Table 6.1, in the current trial difficulty setup the
transition to more difficult levels was quite smooth. Thus, if the reason we did not observe jumps
in attention and/or meditation while revealing the presence of learning effect was that players
often did not feel the difference in difficulty of trials between the levels, then this level design
modification in combination with my adaptive progression rules may help players to refocus
their attention back on the task when its difficulty is rapidly increased. I would also ask each
participant to play two games, the ADAPTIVE game and the CONTROL game, prior changing the
theme of one of the games but keeping the game’s mechanics. Two versions are recommended for
the purpose of the experiment only to avoid mere-exposure effect (or familiarity principle when
participants may develop a preference for the game they already familiar with) when players are
asked to play the game second time.
The minor study modification (when each participant plays both games) together with game
design improvements might not only produce different attention and meditation results, but also
give us an idea about the play experience in both games from the same participant.
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Chapter 7
Conclusion
As BCI-based applications become more popular, they slowly move from purely medical re-
search to being a valuable addition to other input modalities where user satisfaction and accep-
tance of this technology lie at the core of human interactions with computers. The literature on
brain-computer interface based educational video gaming has been steadily growing (Hwang,
Kim, Choi, & Im, 2013) suggesting raising interest from scholars and practitioners. The positive
trend in the research and development of portable BCIs brings new possibilities for faster com-
mercialization of educational video games, which can restore communication, independence and
control over lives for the broad range of people.
The study findings in combination with my qualitative analysis pointed to the fact that mi-
nor design modifications may not only produce significant results but also improve the quality
of game experience, which is an important component of the learning process incorporated into
play. The positive game experience or game enjoyment fortifies the motivation to play and learn
in children with ADHD by creating an associative learning environment. Thus, the recommended
game modifications are not merely changes in the game design aestetics, but, importantly, im-
provements of the game design dynamics. This Master’s thesis is concerned with the design
of an educational ADAPTIVE video game that teaches proportional reasoning to children with
Attention Deficit Hyperactivity Disorder. The use of the low-cost mobile electroencephalogram,
Neurosky MindWave, provided us with information about the participant’s attention and medi-
tation states while playing the game. It was also an essential part of the adaptive game difficulty
level design. The collected data, such as attention and meditation readouts, time spent on the
task, sum of the blocks on the left side of the scale, star ratings and flow questionnaire scores
were analyzed for potential explanatory patterns (e.g. a correlation between the quality of the
game experience and stress or relaxation levels) and interactions (e.g. a relationship between the
star ratings and flow scores).
In the current version of the game, we did not determine significant differences in flow scores,
meditation and attention readouts between the groups revealing the ADAPTIVE game allows users
to complete the play in a shorter period of time while maintaining their attention and meditation
levels not differing from the CONTROL group. Further investigation of potential relationships
between collected variables revealed a strong correlation between the total number of games
played and the average time spent on the task confirming a presence of the learning effect in
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the CONTROL group. This finding is important in the context of both the hypotheses analysis
and the motivation behind the design of the ADAPTIVE game that teaches children with ADHD
proportional reasoning.
The data of the players with ADHD was analyzed separately and with other players, as de-
scribed in Chapter 5. The revealed strong correlation between the subjective difficulty evaluation
or star ratings and flow scores is an interesting finding because there was no correlation found
between the objective difficulty evaluation or sum of blocks and flow scores. The finding sug-
gests that the players with ADHD rely more on their perception or intuitive evaluations of the
difficulty of trials.
To summarize, the observed relationship between subjective evaluations provided by the
players with ADHD points out to the fact that other HCI researchers working in the area of
educational video games should focus on the user experience or behavioral design more than on
the level design.
7.1 Contributions
This thesis makes the following contributions:
1. I designed a BCI-based video game for players with ADHD, in which players’ brain activ-
ity data was used to adapt the difficulty of the game to players’ attention and performance
statuses,
2. I created and tested a novel difficulty progression measure. The difficulty progression is
calculated based on the attention, meditation, and the result of three previous game trials.
Our difficulty progression model supplemented the proportionality rules introduction rec-
ommendations by Christel et al. (2013) to enhance the players’ learning process and game
enjoyment.
7.2 Limitations
I recruited 20 participants aged 19 to 29 years, 6 of whom happened to have ADHD. Since our
target population is adolescents with ADHD that entails having different prior knowledge and
reasoning ability compared to participants in my sample size, it is possible that future experi-
ments with teenage players might produce different results.
45
Further, in our experiment the ADAPTIVE video game incorporated flow theory elements,
which consist of basic prerequisites (clarity of goals and immediate feedback, limited field of
concentration, and balance between the skills and challenge) and subjective experience evalu-
ation assessed with a help of flow questionnaire proposed by IJsselsteijn et al. (2013). The
researchers recommended to administer this questionnaire right after the game. However, after
running the study, based on my observation of the participants, I noticed that the time interval,
although minimal, between the end of the game play and the time participants evaluated their
flow state could have affected the players’ perception and their flow experience was based on
the most recent trials. I believe that if we were to evaluate the flow state concurrently with the
game play by incorporating the flow evaluation into the game play we might observe correlations
between attention, meditation and flow scores, which were not significant in the present study.
With respect to the study findings, the determined learning effect in the CONTROL group
between the total number of games played and the average time spent on the trial completion,
and the correlation between the star ratings and the flow scores in the group of players with
ADHD, suggest that these findings may be worthy of further investigation with higher statistical
power, and with potential design modifications.
I also determined that artifacts and ethical considerations are a part of limitations in my study.
The EEG device I used in the experiment, although mobile, affordable and accessible, is rather
restrictive in terms of the type of brain activity data that can be extracted. But having more
information about the players’ brain activity might affect the ethical part of the study, making the
players to feel like their privacy is being invaded.
7.2.1 Artifacts
Raw EEG data are almost always contaminated by artifacts. These artifacts include biological
signals, such as eye blinks, or environmental signals, such as poor grounding of the EEG elec-
trodes. The Neurosky EEG headset with a dry electrode used in the designed video game had an
advantage compared to EEGs with wet electrodes, which are expensive and used only in clini-
cal settings, because it can be used in real living environments and consumer products, and is a
low-cost device that can be purchased by anyone online.
For the purpose of the experiment, I only measured the attention and the meditation states
of the participants while playing the game with the help of eSense data values that characterized
the mental states. The eSense allowed me to monitor how effectively the player is engaging her
attention and whether or not the player is stressed while performing the task using EEG power
band values that have been pre-calculated by the chip with once per second updates.
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7.2.2 Ethical Considerations
During the experiment, I collected psychophysiological measurements of each player – attention,
meditation and enjoyment statuses – in order to adjust the difficulty of the game for an enjoyable
game play experience. Given the personal nature of psychophysiological data study participants
shared with the researcher, it was important to make sure they are informed about the research
process and goals, and their personal information is protected appropriately. In times of big data
and the emergence of online behavioral marketing, and in the absence of strong, well-structured
data privacy protection legislation, both researchers and study subjects may find themselves in a
vulnerable position. To avoid such implications, I explained participants how the brain activity
data is collected (including demonstration of the recorded raw data), used and stored. I also
informed players that all information provided in the demographic questionnaire is confidential
and no name is attached to it. Although this study was reviewed and received ethics clearance
through the Office of Research Ethics at the University of Waterloo, the final decision about
participation was made by the participants. The consent from the players was obtained prior to
the experiment (Appendix D).
7.3 Directions for Future Research
In the thesis, I proposed to analyze data of the players with ADHD separately and with players
without the diagnosis to see if there is a difference in playing performance and difficulty level
evaluations provided by the player. While working on the design of my educational video game,
I learned that this category of video games requires more research on how to design the game
environment that fosters knowledge acquisition. In other words, I proposed to other HCI re-
searchers working on educational games for players with ADHD to focus on the user experience
or behavioral design of the games more than on the actual level design. For example, they should
employ the social-cognitive theory to create a learning environment that does not enforce behav-
ioral changes during the game play from an individual with ADHD, but predicts and adapts to
the players’ in-game behaviors to keep them engaged in the learning process.
For the future research purposes, it is interesting to see if there is any difference in atten-
tion and meditation states, and, consequently, in game performance when brain activity data is
recorded using mobile EEGs with more channels and better resolution. For example, it is pos-
sible that a 16-bit mobile EEG headset Emotive can provide us with data of better quality and
depth of analysis compared to the 12-bit Mindwave headset we used in the study. If that is the
case, the experiment would allow us to better inform design modifications.
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Finally, our findings of learning effect in the CONTROL group motivate future research in ed-
ucational video games design. Assuming it is possible to implement the EEG component in any
other educational game of children with ADHD’s choice, would we see significant differences
in players’ performance over time, including overall attention and meditation readouts in those
games compared to my designed game? If so, it would need to be further investigated to see
what it is that make the games more attractive, so that those design elements can be used by HCI
designers working on educational video games for children with ADHD.
48
References
Anastopoulos, B. A. D., Shelton, T. L., Dupaul, G. J., Guevremont, D. C., Dupaul, T., & Parent,
D. C. (1993). Parent training for Attention Deficit Hyperactivity Disorder: Its impact on
parent functioning. Journal of Abnormal Child Psychology, 21(5), 581–596.
Andaluz, V. H., Ortiz, J. S., & Sanche´z, J. S. (2015). Bilateral control of a robotic arm through
brain signals. Lecture Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics), 9254, 355–368. Retrieved
from http://dx.doi.org/10.1007/978-3-319-22888-4 26 doi: 10.1007/
978-3-319-22888-4{\ }26
Anguera, J. A., Brandes-Aitken, A. N., Antovich, A. D., Rolle, C. E., Desai, S. S., & Marco,
E. J. (2017). A pilot study to determine the feasibility of enhancing cognitive abilities in
children with sensory processing dysfunction. PLOS ONE, 12(4), 1–19. Retrieved from
https://doi.org/10.1371/journal.pone.0172616 doi: 10.1371/journal
.pone.0172616
Arns, M., de Ridder, S., Strehl, U., Breteler, M., & Coenen, A. (2009). Efficacy of neuro-
feedback treatment in ADHD: the effects on inattention, impulsivity and hyperactivity: a
meta-analysis. Clinical EEG and neuroscience : official journal of the EEG and Clinical
Neuroscience Society (ENCS), 40(3), 180–189. doi: 10.1177/155005940904000311
Ayaz, H., Onaral, B., Izzetoglu, K., Shewokis, P. A., McKendrick, R., & Parasuraman, R. (2013).
Continuous monitoring of brain dynamics with functional near infrared spectroscopy
as a tool for neuroergonomic research: Empirical examples and a technological devel-
opment (Vol. 7). Retrieved from http://www.frontiersin.org/Journal/
Abstract.aspx?s=537&name=human neuroscience&ART DOI=10.3389/
fnhum.2013.00871
Ben-Chaim, D., Keret, Y., & Ilany, B.-S. (2012). Proportional Reasoning—A Psychological-
Didactical View. In D. Ben-Chaim, Y. Keret, & B.-S. Ilany (Eds.), Ratio and proportion:
Research and teaching in mathematics teachers’ education (pre- and in-service mathemat-
ics teachers of elementary and middle school classes) (pp. 49–60). Rotterdam: SensePub-
lishers. doi: 10.1007/978-94-6091-784-4{\ }5
Benovoy, M., Cooperstock, J. R., & Deitcher, J. (2008). Biosignals analysis and its application
in a performance setting : Towards the development of an Emotional-Imaging Generator.
BIOSIGNALS (Vol. 1), 253–258. doi: 10.1.1.157.6927
Benyakorn, S., Riley, S. J., Calub, C. A., & Schweitzer, J. B. (2016). Current State and
Model for Development of Technology-Based Care for Attention Deficit Hyperactivity
Disorder. Telemedicine and e-Health(March), tmj.2015.0169. Retrieved from http://
online.liebertpub.com/doi/10.1089/tmj.2015.0169 doi: 10.1089/tmj
49
.2015.0169
Bos, D., Reuderink, B., Laar, B. V. D., Gu¨rko¨k, H., Mu¨hl, C., Poel, M., . . . Heylen, D. (2010).
Brain-Computer Interfaces. , 149–178. Retrieved from http://link.springer
.com/10.1007/978-1-84996-272-8 doi: 10.1007/978-1-84996-272-8
Burck, J., Bigelow, J., & Harshbarger, S. (2011). Revolutionizing Prosthetics: Systems Engi-
neering Challenges and Opportunities. Johns Hopkins APL Tech Dig, 30(3), 186197.
Chanel, G., Kronegg, J., Grandjean, D., & Pun, T. (2006). Emotion assessment: Arousal evalua-
tion using EEGs and peripheral physiological signals. Multimedia content representation,
classification and security, 530–537.
Christel, M. G., Stevens, S., Champer, M., Balash, J., Brice, S., Maher, B., . . . Harpstead, E.
(2013). Beanstalk: A unity game addressing balance principles, socio-emotional learning
and scientific inquiry. IEEE Consumer Electronics Society’s International Games Innova-
tions Conference, IGIC, 36–39. doi: 10.1109/IGIC.2013.6659126
Csikszentmihalyi, M. (1991). Flow: The Psychology of Optimal Experience. (Vol. 16) (No. 3).
HarperPerennial New York. Retrieved from http://amr.aom.org/cgi/doi/10
.5465/AMR.1991.4279513 doi: 10.5465/AMR.1991.4279513
Csikszentmihalyi, M., & LeFevre, J. (1989). Optimal experience in work and leisure. (Vol. 56)
(No. 5). US: American Psychological Association. doi: 10.1037/0022-3514.56.5.815
Daly, J. J., & Wolpaw, J. R. (2008). Brain-computer interfaces in neurological rehabilitation.
The Lancet Neurology, 7(11), 1032–1043. doi: 10.1016/S1474-4422(08)70223-0
Denis, G., & Jouvelot, P. (2005). Motivation-driven educational game design. Proceedings
of the 2005 ACM SIGCHI International Conference on Advances in computer entertain-
ment technology - ACE ’05, 462–465. Retrieved from http://portal.acm.org/
citation.cfm?doid=1178477.1178581 doi: 10.1145/1178477.1178581
Derryberry, D., & Tucker, D. M. (1994). Motivating the Focus of Attention. The Heart’s Eye,
167–196. Retrieved from http://linkinghub.elsevier.com/retrieve/
pii/B9780124105607500144 doi: 10.1016/B978-0-12-410560-7.50014-4
Donoghue, J. P. (2008, 11). Bridging the brain to the world: a perspective on neural interface sys-
tems. Neuron, 60(3), 511–21. Retrieved from http://www.sciencedirect.com/
science/article/pii/S0896627308008970 doi: 10.1016/j.neuron.2008.10
.037
Egner, T., & Gruzelier, J. (2004). EEG Biofeedback of low beta band components: frequency-
specific effects on variables of attention and event-related brain potentials. Clinical Neu-
rophysiology, 115(1), 131–139. Retrieved from http://linkinghub.elsevier
.com/retrieve/pii/S1388245703003535 doi: 10.1016/S1388-2457(03)00353
-5
Fairclough, S. (2011). Physiological computing: interfacing with the human nervous system.
Sensing Emotions. Retrieved from http://link.springer.com/chapter/10
50
.1007/978-90-481-3258-4 1
Ferrari, M., & Quaresima, V. (2012). A brief review on the history of human functional
near-infrared spectroscopy (fNIRS) development and fields of application. NeuroImage,
63(2), 921–935. Retrieved from http://dx.doi.org/10.1016/j.neuroimage
.2012.03.049 doi: 10.1016/j.neuroimage.2012.03.049
Gaines, K. S., & Curry, Z. D. (2011). The inclusive classroom: The effects of color on learn-
ing and behavior. Journal of Family and Consumer Sciences Education, 29(1), 46–57.
Retrieved from http://www.natefacs.org/JFCSE/v29no1/v29no1Gaines
.pdf doi: 10.2337/dc16-2238
Gevensleben, H., Kleemeyer, M., Rothenberger, L., Studer, P., Flaig-Rohr, A., Moll, G., . . .
Heinrich, H. (2014). Neurofeedback in ADHD: Further Pieces of the Puzzle. Brain To-
pography, 27(1), 20–32. Retrieved from http://dx.doi.org/10.1007/s10548
-013-0285-y doi: 10.1007/s10548-013-0285-y
Granic, I., Lobel, A., & Engels, R. C. (2014). The benefits of playing video games. American
Psychologist, 69(1), 66–78. doi: 10.1037/a0034857
Hochberg, L. R., Bacher, D., Jarosiewicz, B., Masse, N. Y., Simeral, J. D., Vogel, J., . . .
Donoghue, J. P. (2012, 5). (Supp) Reach and Grasp by People with Tetraplegia. Nature,
485(7398), 1–17. Retrieved from http://dx.doi.org/10.1038/nature11076
doi: 10.1038/nature
Huizenga, H. M., Crone, E. a., & Jansen, B. J. (2007). Decision-making in healthy children,
adolescents and adults explained by the use of increasingly complex proportional reasoning
rules. Developmental Science, 10(6), 814–825. doi: 10.1111/j.1467-7687.2007.00621.x
Hunicke, R., & Chapman, V. (2004). AI for dynamic difficulty adjustment in games. In Aaai
workshop challenges in game artififical intelligence. doi: 10.1145/1178477.1178573
Hwang, H. J., Kim, S., Choi, S., & Im, C. H. (2013). EEG-Based Brain-Computer Interfaces:
A Thorough Literature Survey. International Journal of Human-Computer Interaction,
29(12), 814–826. doi: 10.1080/10447318.2013.780869
IJsselsteijn, W., de Kort, Y., & Poels, K. (2013). Game Experience Questionnaire.
, 1–9. Retrieved from https://pure.tue.nl/ws/files/21666907/Game
Experience Questionnaire English.pdf doi: 10.1016/B978-008045089-6
.50026-5
Kotchetkov, I. S., Hwang, B. Y., Appelboom, G., Kellner, C. P., & Connolly, E. S. (2010).
Brain-computer interfaces: military, neurosurgical, and ethical perspective. Neurosurgical
Focus, 28(5), E25. Retrieved from http://thejns.org/doi/10.3171/2010.2
.FOCUS1027 doi: 10.3171/2010.2.FOCUS1027
Krepki, R., Blankertz, B., Curio, G., & Mu¨ller, K.-R. (2007). The Berlin Brain-Computer
Interface (BBCI) towards a new communication channel for online control in gaming
applications. Multimedia Tools and Applications, 33(1), 73–90. Retrieved from http://
51
dx.doi.org/10.1007/s11042-006-0094-3 doi: 10.1007/s11042-006-0094-3
Kwon, Y.-J., Lawson, A. E., Chung, W.-H., & Kim, Y.-S. (2000). Effect on develop-
ment of proportional reasoning skill of physical experience and cognitive abilities asso-
ciated with prefrontal lobe activity. Journal of Research in Science Teaching, 37(10),
1171–1182. Retrieved from <GotoISI>://000165666400008 doi: 10.1002/
1098-2736(200012)37:10〈1171::AID-TEA8〉3.3.CO;2-1
Lalor, E. C., Kelly, S. P., Finucane, C., Burke, R., Smith, R., Reilly, R. B., & McDarby, G.
(2005). Steady-state VEP-based brain-computer interface control in an immersive 3D
gaming environment. Eurasip Journal on Applied Signal Processing, 2005(19), 3156–
3164. doi: 10.1155/ASP.2005.3156
Lance, B. J., Kerick, S. E., Ries, A. J., Oie, K. S., & McDowell, K. (2012). Brain-Computer
Interface Technologies in the Coming Decades (Vol. 100) (No. Special Centennial Issue).
doi: 10.1109/JPROC.2012.2184830
Lubar, J., & Swartwood, M. (1995). Quantitative EEG and auditory event-related potentials in
the evaluation of attention-deficit/hyperactivity disorder: Effects of methylphenidate and
implications for. Journal of Psychoeducational Assessment(1938), 143–160. Retrieved
from http://dlksvpp.isnr.org/uploads/1995LubarSwartwood.pdf
Mandryk, R. L., Inkpen, K. M., & Calvert, T. W. (2006). Using psychophysiological techniques
to measure user experience with entertainment technologies. Behaviour and Information
Technology, 25(2), 141–158. doi: 10.1080/01449290500331156
Mayes, S. D., & Calhoun, S. L. (2006). Frequency of reading, math, and writing disabilities
in children with clinical disorders. Learning and Individual Differences, 16(2), 145–157.
doi: 10.1016/j.lindif.2005.07.004
Mikołajewska, E., Mikołajewski, D., Komendzin´ski, T., Dreszer-Drogoro´b, J.,
Lewandowska, M., & Wolak, T. (2014). Chances for and limitations of brain-
computer interface use in elderly people. Emerging Theory and Practice in
Neuroprosthetics, 116–126. Retrieved from http://www.scopus.com/
inward/record.url?eid=2-s2.0-84946218602&partnerID=40&md5=
2d23d461527fb611a2bf589e221ad9fb doi: 10.4018/978-1-4666-6094-6.ch007
Miranda, E. R., & Brouse, A. (2005). Toward Direct Brain-Computer Musical Inter-
faces. In Proceedings of the 5th international conference on new instruments for
musical expression (pp. 216–219). National University of Singapore. Retrieved from
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.59
.4046%5Cnhttp://dl.acm.org/citation.cfm?id=1085939.1086000
doi: https://dx.doi.org/10.1177/0363546513509962
Moeini, M., Khaleghi, A., & Mohammadi, M. R. (2015, 1). Characteristics of Alpha Band
Frequency in Adolescents with Bipolar II Disorder: A Resting-State QEEG Study. Iranian
Journal of Psychiatry, 10(1), 8–12. Retrieved from http://www.ncbi.nlm.nih
52
.gov/pmc/articles/PMC4434432/
Monastra, V. J., Lynn, S., Linden, M., Lubar, J. F., Gruzelier, J., & LaVaque, T. J. (2005). Elec-
troencephalographic biofeedback in the treatment of attention-deficit/hyperactivity disor-
der. Applied Psychophysiology Biofeedback, 30(2), 95–114. doi: 10.1007/s10484-005
-4305-x
Moran, C. W. (2011). Revolutionizing prosthetics 2009 modular prosthetic limb-body interface:
Overview of the prosthetic socket development. Johns Hopkins APL Technical Digest
(Applied Physics Laboratory), 30(3), 240–249. doi: 10.1074/jbc.M808515200
Nacke, L., Kalyn, M., Lough, C., & Mandryk, R. (2011). Biofeedback game design: using
direct and indirect physiological control to enhance game interaction. Proceedings of the
SIGCHI . . . , 103–112. Retrieved from http://dl.acm.org/citation.cfm?id=
1978958 doi: 10.1145/1978942.1978958
Pantel, L., & Wolf, L. C. (2002). On the impact of delay on real-time multiplayer games.
Proceedings of the 12th international workshop on Network and operating systems support
for digital audio and video - NOSSDAV ’02, 23. Retrieved from http://portal.acm
.org/citation.cfm?doid=507670.507674 doi: 10.1145/507670.507674
Piaw, C. Y. (2014, 2). Relationship between Thinking Styles and Ability to Pay Attention of
Malaysian Male and Female Student Teachers. Procedia - Social and Behavioral Sciences,
116, 4839–4843. Retrieved from https://www.sciencedirect.com/science/
article/pii/S1877042814010520 doi: 10.1016/J.SBSPRO.2014.01.1035
Picard, R. W., Vyzas, E., & Healey, J. (2001). Toward machine emotional intelligence: analysis
of affective physiological state (Vol. 23) (No. 10). doi: 10.1109/34.954607
Pineda, J. a., Silverman, D. S., Vankov, A., & Hestenes, J. (2003). Learning to control brain
rhythms: Making a brain-computer interface possible. IEEE Transactions on Neural
Systems and Rehabilitation Engineering, 11(2), 181–184. doi: 10.1109/TNSRE.2003
.814445
Pope, A. T., & Palsson, O. S. (2001). Helping video games rewire our minds. Inter-
national Journal of Social Psychiatry, 54(4), 370–382. Retrieved from http://
scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:
Helping+Video+Games+?+Rewire+Our+Minds+?#0
Rossiter, D. T. R., & La Vaque, T. J. (1995). A Comparison of EEG Biofeedback and Psychos-
timulants in Treating Attention Deficit/Hyperactivity Disorders. Journal of Neurotherapy,
1(1), 48–59. doi: 10.1300/J184v01n01{\ }07
Saari, T., Turpeinen, M., Kuikkaniemi, K., Kosunen, I., & Ravaja, N. (2009). Emotionally
Adapted Games An Example of a First Person Shooter. In J. Jacko (Ed.), Human-computer
interaction. interacting in various application domains se - 45 (Vol. 5613, pp. 406–415).
Springer Berlin Heidelberg. Retrieved from http://dx.doi.org/10.1007/978
-3-642-02583-9 45 doi: 10.1007/978-3-642-02583-9{\ }45
53
Siegler, R. S., & Vago, S. (1978). The development of a proportionality concept: Judging relative
fullness. Journal of Experimental Child Psychology, 25(3), 371–395. doi: 10.1016/0022
-0965(78)90062-0
Spence, I., & Feng, J. (2010). Video games and spatial cognition. Review of General Psychology,
14(2), 92–104. doi: 10.1037/a0019491
Steiner, N. J., Frenette, E. C., Rene, K. M., Brennan, R. T., & Perrin, E. C. (2014, 3). In-
School Neurofeedback Training for ADHD: Sustained Improvements From a Random-
ized Control Trial. Pediatrics, 133(3), 483–492. Retrieved from http://pediatrics
.aappublications.org/content/133/3/483.abstract doi: 10.1542/peds
.2013-2059
Strobach, T., Frensch, P. A., & Schubert, T. (2012). Video game practice optimizes execu-
tive control skills in dual-task and task switching situations. Acta Psychologica, 140(1),
13–24. Retrieved from http://resolver.scholarsportal.info/resolve/
00016918/v140i0001/13 vgpoecidatss doi: 10.1016/j.actpsy.2012.02.001
Swanson, J. M., & Volkow, N. D. (2009, 1). Psychopharmacology: concepts and opinions about
the use of stimulant medications. Journal of child psychology and psychiatry, and allied
disciplines, 50(1-2), 180–193. Retrieved from http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2681087/ doi: 10.1111/j.1469-7610.2008.02062.x
Thompson, L., & Thompson, M. (2005). Neurofeedback intervention for adults with ADHD.
Journal of Adult Development, 12(2-3), 123–130. doi: 10.1007/s10804-005-7028-6
Vidal, J. J. (1973). Toward Direct Brain-Computer Communication. Annual
Review of Biophysics and Bioengineering, 2(1), 157–180. Retrieved from
http://www.annualreviews.org/doi/abs/10.1146/annurev.bb.02
.060173.001105 doi: 10.1146/annurev.bb.02.060173.001105
Vollebregt, M. A., van Dongen-Boomsma, M., Buitelaar, J. K., & Slaats-Willemse, D. (2013, 5).
Does EEG-neurofeedback improve neurocognitive functioning in children with attention-
deficit/hyperactivity disorder? A systematic review and a double-blind placebo-controlled
study. Journal of Child Psychology and Psychiatry, 55(5), 460–472. Retrieved from
http://dx.doi.org/10.1111/jcpp.12143 doi: 10.1111/jcpp.12143
Weiss, G., & Hechtman, L. T. (1993). Hyperactive children grown up: ADHD in children,
adolescents, and adults . Guilford Press.
Zentall, S. S., & Ferkis, M. a. (1993). Mathematical problem solving for youth with ADHD,
with and without learning disabilities. Learning Disability Quarterly, 16(1), 6–18. doi:
10.2307/1511156
54
Appendices
55
Appendix A
Information Letter
University of Waterloo, Canada Date:
Dear Participant(s):
I am writing to ask your permission to participate in a University of Waterloo (Canada) re-
search project on designing an adaptive video game for children with ADHD to teach them pro-
portional reasoning. Proportional reasoning is an important part of early math learning because
children learn to compare things (e.g. quantities) multiplicatively (e.g. 3 blocks to 9 blocks is the
same as 20 blocks to 60 blocks). We are interested in designing a game that will teach children
to self-monitor symptoms of inattentiveness, and, consequently, help them to learn new math
skill. Our project may help us understand more about how self-monitoring of ADHD symptoms
can help children effectively learn new skills. Therefore, at the current stage of research, we are
interested in your participation in the game testing in order to evaluate the games design. This
so-called user acceptance testing is an important phase of the game testing process because the
results of the testing will provide the researcher and the potential users with confidence in how
the game will perform when used by children with ADHD.
The project in which you have been invited to participate is expected to be an enjoyable ex-
perience and will require less than 45 minutes of time. However, the decision about participation
is yours. To help you in this decision, a brief description of the project is provided below.
Participants will meet with the researcher individually on one occasion only. In this session,
your child will be assigned to a group that will play an adaptive video game (the difficulty of the
task will depend on your performance in the game play including attention levels) or a group that
will play regular level-by-level video game. During the game play you will be wearing a mobile
electroencephalogram (EEG) headset by Neurosky. It is a noninvasive device that is approved
for use in Canada and USA, and is worn like a headband. This EEG device measures your brain
waves activity that is translated into attention and relaxation levels (I have attached a picture of a
child wearing the Neurosky headset for your information at the end of this letter). After the EEG
device is placed on your head, you are ready to start playing the video game. You will be playing
the game on the computer with a mouse. The computer is equipped with a camera to video-
record the game play of the participant, in particular, we will record the players reactions (e.g.
facial motion). The video-recordings will be analyzed in the context of the game play. During
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the game play you will be offered Lego balanced bridge with a combination of Lego blocks on
one side of the scales and spare Lego blocks placed on a platform beneath the other side of the
bridge. You then need to use the spare blocks by clicking on a block and moving it on to the
empty side of the bridge to balance the bridge. For each combination of the balanced bridge you
will have maximum 60 seconds to complete the task. At the end of the task, you are asked to
answer the question about the difficulty of the task by star rating it.
Thus, we will only collect six measurements during your game play, which are: duration of a
game play, attention and relaxation measurements from the EEG device, positions of the blocks
on the bridge, sum of blocks (weights) on the left side of the bridge, and judgment about the
difficulty of the task (star rated). We will also analyze video-recordings of the game play.
All your performances are considered confidential and individual results will not be shared
with university, employer or medical service providers. We will only collect your demographic
data: age and gender. We will also need to know if you are right or left handed, and whether
or not you are taking any medications related to diagnosis. All information obtained during the
study will be secured on an encrypted hard drive for at least 5 years after which it will be erased.
The video-recordings obtained during the study will only be reviewed by the researchers and will
not be shown to others. Only participants who themselves agree to participate will be involved
in the study. Also, you may withdraw your permission at any time during the study without
penalty by indicating this decision to the researcher. There are no known or anticipated risks to
participation in this study. As remuneration for the participation in this study you will receive 10
USD. The amount received is taxable. It is your responsibility to report this amount for income
tax purposes.
This study has been reviewed and received ethics clearance through a University of Wa-
terloo Research Ethics Committee (ORE 22165). If you have questions for the Committee
contact the Chief Ethics Officer, Office of Research Ethics, at 1-519-888-4567 ext. 36005 or
ore-ceo@uwaterloo.ca.
We would appreciate if you participate in this project, as we believe it will contribute to
furthering our knowledge on how to enhance self-monitoring of inattentiveness in children with
ADHD.
If you have any questions about the study, or if you would like additional information to assist
you in reaching a decision, please feel free to contact me by phone at 813-920-7748 or by email
ltahai@uwaterloo.ca . Thank you in advance for your interest and support of this project.
Yours sincerely,
Dr. James Wallace (Supervisor, SPHHS), Liudmila Tahai (student investigator, SPHHS)
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Appendix B
Demographic and Medication Status Ques-
tionnaire
Please fill out the questionnaire. Circle correct answer.
1) What is your age?
2) What is your gender? female male other
3) Are you: left handed right handed
4) Have you been diagnosed with ADHD? Yes No
5) Are you taking any medication related to diagnosis? Yes No
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Appendix C
Informed Consent
By signing this consent form, you are not waiving your legal rights or releasing the investigator(s)
or involved institution(s) from their legal and professional responsibilities.
Project: Designing an Adaptive Video Game for Children with Attention Deficit Hyperactiv-
ity Disorder: Learning Proportional Reasoning through Play
I have read the information presented in the information letter about a study being conducted
by Liudmila Tahai of the School of Public Health and Health Systems at the University of Wa-
terloo (Canada) under the supervision of Professor James Wallace. I have had the opportunity to
ask any questions related to this study, to receive satisfactory answers to my questions, and any
additional details I wanted.
I am aware that I may withdraw my consent for any of the above statements or withdraw my
study participation at any time without penalty by advising the researcher.
This project has been reviewed by, and received ethics clearance through, a University of
Waterloo Research Ethics Committee. I was informed that if I have any comments or concerns
resulting from my participation in this study, I can contact the Chief Ethics Officer, Office of
Research Ethics, at 1-519-888-4567 ext. 36005 or oreceo@uwaterloo.ca.
Please circle one choice and put your initials. With full knowledge of all foregoing, I agree,
of my own free will to participate in this study. Yes/NO
Participant Name: (Please print)
Participant Signature:
Witness Name: (Please print)
Witness Signature:
Date:
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Appendix D
Game Experience Questionnaire
1. I was fully occupied with the game
not at all 0 <> slightly 1 <> moderately 2 <> fairly 3 <> extremely 4 <>
2. I forgot everything around me
not at all 0 <> slightly 1 <> moderately 2 <> fairly 3 <> extremely 4 <>
3. I lost track of time
not at all 0 <> slightly 1 <> moderately 2 <> fairly 3 <> extremely 4 <>
4. I was deeply concentrated in the game
not at all 0 <> slightly 1 <> moderately 2 <> fairly 3 <> extremely 4 <>
5. I lost connection with the outside world
not at all 0 <> slightly 1 <> moderately 2 <> fairly 3 <> extremely 4 <>
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